Water supply facilities such as waterworks systems are facilities that supply residential and industrial water essential for humans to live and it is essential for these facilities to be prepared for earthquake hazards. In the present study, new hydraulic analysis procedures that can complement problems in existing model were proposed for performance quantification under seismic hazards. Detailed procedures for estimating the serviceability of water supply networks using pressure dependent demand (PDD) and pressure dependent leakage (PDL) techniques were proposed. The developed methodologies can simulate many pipe leakage and breakage situations more realistically. The methodologies were applied to representative pipe networks to investigate the models and new performance quantification indicators were additionally presented. The developed models are judged to be usable as a basic tool finding for guidelines because they can simultaneously quantify the amount of leakage calculated from the viewpoint of suppliers as well as the water availability of consumers when an earthquake hazard has occurred.
Introduction
Water supply networks (WSNs) are one of the social infrastructures, have functions to transport, distribute and supply clean water and are very complex connected systems combining water supply pipes, pumps and valves. The role of WSNs is to provide the users with water with appropriate quality at the required water pressure to demand points while maintaining the flow rate required by the users. Social infrastructures (large buildings, schools, public facilities, roads and waterworks), which are large in scale and spatially widely distributed, are quite vulnerable to earthquake hazards and damage to social infrastructures directly or indirectly affects human life. Therefore, WSNs system are also large and spatially widely distributed, most of them are buried underground where not all situations can be identified. Therefore, they are quite vulnerable to earthquake hazards that can cause large damage even when occurred only once on a large scale.
As for studies on earthquake hazard quantification reflecting the hydraulic characteristics of water supply facilities, initial studies applied to simplified water supply systems were conducted by Whitman and Hein [1] and Hall and Newmark [2] . Thereafter, Wang [3] , Shi [4] , Shi et al. [5] , Wang and O'Rourke [6] and Bonneau [7] , Bonneau et al. [8] , Yoo [9] and Hou and Du [10] conducted earthquake damage quantification studies linked with hydraulic analyses on pipe networks. Yoo [9] developed REVAS.NET (Reliability EVAluation model of earthquake hazard for water supply NETwork), which is software for estimating hydraulic reliability based on structural breakage due to seismic hazards for all water supply facilities. In addition Yoo et al. [11] actually applied the developed model to domestic WSNs to evaluate the seismic reliability and proposed a pipe diameter optimal design model based on the results (Yoo et al. [12] ). However, studies related to the proposed earthquake hazard performance quantification used non-commercial software, EPANET2 (Rossman [13] ), a representative model of demand driven analysis (DDA). DDA carries out hydraulic analysis under the premise that all the quantities of water supplied in the pipe network are considered as known values. Therefore, DDA cannot directly simulate water losses (leakage, breakage) due to abnormal situations such as earthquake hazards, pipe breakage accidents and the decline of consumers' water availability due to resultant water pressure drops.
To complement such a problem, the Quasi pressure driven analysis (Quasi-PDA) method, which suppresses negative pressure generation through repetitive DDA analyses, has been applied to models already developed. In general, when abnormal results such as negative pressure have occurred, the Quasi-PDA method induces normal results to be derived through methods such as the utilization of an emitter and a virtual reservoir. The GIRAFFE model [14] (Graphical Iterative Response Analysis for Flow Following Earthquakes) is a model for evaluation of WSNs' reliability against earthquake hazards developed based on studies conducted by Wang [3] , Shi [4] , Shi et al. [5] , Wang and O'Rourke [6] and Bonneau [7] and Bonneau et al. [8] . It visually implements reliability evaluation results through interworking with geographic information system functions. However, when simulating pipe failure phenomena with the EPANET2, the quantity of water leaked was reflected through the addition of a virtual reservoir but the demand of nodes decreasing due to pipe failure was not considered. In addition, when solving the problem of negative pressure occurring in EPANET2 of abnormal states such as earthquakes, this model removes the node where negative pressure occurs and all the pipes connected to this node when modeling thereby deriving results that underestimate the reliability of the pipe network. In the REVAS.NET model, the demand of the node decreases following the pipe failure is considered and when negative pressure is generated by hydraulic analysis, the basic demand of the relevant node is set to 0 and the hydraulic analysis is repeatedly conducted. The most important problem in these methods is that pressure deficit conditions cannot be simulated in EPANET2 in a "mathematically accurate way." This methodology can adopt repetitive EPANET2 simulations to simulate pipe breakage but the results cannot assure that demand driven engines are accurate for many outflow situations such as leakage and breakage. Eventually, using EPANET2 (or Quasi-PDA) together with the DDA approach to simulate the pressure deficit conditions of network may be questionable as has been widely suggested by many research papers (Ang and Jowitt [15] ; Giustolisi et al. [16] ).
Pressure driven analysis (PDA) for WSNs has been actively studied by many researchers recently (Baek et al. [17] [18] [19] ; Giustolisi et al. [20] ; Wu et al. [21] ; Lee et al. [22] ). Since the supply (generally the sum of the usage and the leakage) is changed by the residual head, PDA is a method to conduct analysis assuming the supply as an unknown quantity. PDA is divided into pressure dependent demand (PDD) analysis, pressure dependent leakage (PDL) analysis and pressure dependent demand & leakage (PDDL) analysis. PDD analysis is determined by the head-outflow relationship (HOR), which is set based on the minimum head and the sufficient head and simultaneously calculates the head and the suppliable flow rate which are in a non-linear relationship. PDL analysis is determined by the relational expression indicating that leakage quantities change according to the pressure head in the pipe and simultaneously calculates the pressure head and leakage quantities in the pipe using an expression expressed with a combination of leakage coefficients. Representative relational expressions include the fixed and variable area discharge (FAVAD) expression proposed by May [23] . Recently, Klise et al. [24] developed a water network tool for resilience (WNTR), which is a new open source Python package that helps water supply plants investigate the water serviceability (WSA) and recovery time for each earthquake scale, location and hydraulic strategy. Although the WNTR proposes PDDL analysis, it uses the emitter coefficient presented in EPANET2 during PDL analysis and does not propose any detailed procedure for the application of PDA.
In the present study, a detailed procedure was proposed for estimating the reliability of WSNs using a PDA that derives more appropriate hydraulic analysis results under earthquakes. In addition, reliability quantification indicator related to the new leakage quantity were presented through the PDA results and the differences from the existing reliability index (system serviceability) were analyzed. Finally, the proposed methodologies were applied to representative WSNs and compared with the results of REVAS.NET applied with a modified DDA model.
Methodology

Pressure Dependent Demand & Leakage (PDDL) Simulation
Yoo et al. [25] presented simulation situations according to the water usage relationship for hydraulic analysis as shown in Table 1 and suggested that in the case of abnormal situations such as earthquake hazards or areas where the leakage is large, since the supply and the usage are not the same, PDA that can consider changes in the supply and leakage quantities according to water pressure should be conducted. Table 1 . Pipe network analysis simulation situations based on water usage relationships (Yoo et al. [25] ).
Simulation Situation Water Usage Relationship Example
Normal situation Supply = total usage(demand) New planning and design of mid-long term WSNs Supply = usage + leakage quantity Analysis of the current pipe network considering general leakage quantity
Abnormal situation
Supply = usage + leakage quantity Analysis of the pipe network in situations where the effect of leakage quantity is dominant Supply < usage When the supply is insufficient due to drought, changes in demand, etc. Supply < usage + leakage quantity When pipe breakage has occurred due to various causes PDA can be divided into PDD analysis, PDL analysis and PDDL analysis depending on whether the water pressure-dependent factors are considered as suppliable demand, leakage quantity or both factors ( Figure 1 ). The description of each analysis method is as follows.
• (DDA) A technique for calculating the pressure head of a point using continuity equations and cyclic equations under the assumption that demands by demand point are known values and can be supplied always(usage, leakage quantity and so forth, are entered as demands) • (PDA) A technique to conduct numerical analyses considering the suppliable quantity for each demand node and the leakage quantity of the pipe as pressure dependent factors and as variables that must be determined through pipe network analysis • (PDD) The available quantity for each node is determined by the head-outflow relationship (HOR) set based on the minimum head and the sufficient head and the head and the suppliable flow rate that are in a non-linear relationship are simultaneously calculated.
• (PDL) This is determined by the relational expression indicating that leakage quantities change according to the pressure head in the pipe (representative relational expression-FAVAD) and simultaneously calculates the pressure head and leakage quantities in the pipe using an expression expressed with a combination of leakage coefficients by pipe and the leakage index.
• (PDDL) A method of analysis considering both PDD and PDL analyses
In particular, as shown in Table 2 , in cases where hydraulic analysis, in which the breakage of many pipes and water distribution reservoirs are presumed such as the case of earthquakes where large scaled damage is considered, is carried out, pressure dependent demand & leakage (PDDL) analysis should be conducted so that more realistic hydraulic analysis results can be derived. In particular, as shown in Table 2 , in cases where hydraulic analysis, in which the breakage of many pipes and water distribution reservoirs are presumed such as the case of earthquakes where large scaled damage is considered, is carried out, pressure dependent demand & leakage (PDDL) analysis should be conducted so that more realistic hydraulic analysis results can be derived. 
REVAS.NET
Yoo et al. [11, 12] presented a seismic reliability evaluation tool for water supply systems called REVAS.NET (Reliability EVAluation model of earthquake hazard for water supply network). It quantifies the water supply serviceability through a series of processes of earthquake occurrence and attenuation, the determination of component (pipe, tank and pump) failure conditions and failure modeling based on hydraulic simulations. The running procedure and model construction of REVAS.NET are as shown in Figure 2 . The detailed procedures can be found in Yoo et al. [11, 12] . In this paper, only those parts that are related to the differences between the proposed methods are presented.
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In the earthquake hazard estimation model, when the conditions of individual components (water distribution reservoir, pumping station and pipe) due to earthquakes have been determined, the conditions should be appropriately applied to the hydraulic analysis program to derive the results. In REVAS.NET, once the destruction of the reservoir and pumping station has been determined, the destruction of the water distribution reservoir on EPANET2 (Demand Driven Analysis Model) used in hydraulic analysis is implemented by closing all pipes directly connected to the water distribution reservoir and the destruction of the pumping station is implemented by stopping the operation state of the relevant pump. In the case of pipes, since pipe conditions are divided into leakage and breakage, the leakage quantity according to the leakage area of the pipe was calculated and the outcome was reflected with the emitter function of EPANET2. This method is generally called Quasi-PDA and the emitter coefficient is entered to simulate the leakage phenomenon indirectly. The equation presented by Puchovsky [26] to calculate the emitter coefficient is as shown by Equation (1) and it indicates the relationship between the breakage or leakage hole cross-sectional area and the flow coefficient. In REVAS.NET, when pipe leakage has occurred, 10% of the pipe cross-sectional area was applied in a lump as the leakage-hole area.
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Here, C D is an emitter coefficient, g is a gravitational acceleration, A denotes leakage hole cross-sectional area and r w is specific weight of water In general, when DDA is conducted, unrealistic results may be generated such as the occurrence of negative pressure (Gupta and Bhave [27] , Tanyimboh and Tabesh [28] , Mays [29] ). Therefore, when negative pressure has appeared as a result of EPANET2, the negative pressure should be taken care of through repetitive operation. In REVAS.NET, when negative pressure had occurred, the negative pressure was taken care of by setting the basic demand of the node where the negative pressure had occurred to 0 and repeatedly conducting hydraulic analysis until the negative pressure did not occur. Table 3 shows a comparison between the analysis of REVAS.NET and that of the proposed model when earthquake damage was presumed on the pipe. In REVAS.NET, when leakage has occurred in the pipe, the emitter coefficient is entered into the bottom node of the leakage pipe. However, in the proposed model, two coefficients (leakage coefficient/breakage coefficient) of the FAVAD equation are directly entered and the leakage quantity of the pipe is directly estimated. When a breakage has occurred in a pipe, techniques such as leakage are used but the pipe state is changed to "closed" to block the flow of water. In the case of the HOR relationship of PDD analysis, the form of power function presented by Wagner et al. [30] was applied to the pipe network applied in the present study, the minimum water pressure at which water can be supplied was set to 0 and the sufficient water pressure at which consumers can be satisfied was set to 28 m (40 psi) (Anytown Network) to simulate the hydraulic analysis. In the case of PDL, the leakage quantity is determined by the relational expression indicating that the leakage quantity is changed according to the pressure head in the pipe and the pressure head and leakage quantity in the pipe are calculated simultaneously using the expression expressed by the combination of the leakage coefficients by pipe material and the leakage index to apply the fixed and variable area discharge (FAVAD) equation. The concept and expression of FAVAD used in the present study were first proposed by May [23] and they are as shown in Equation (2). L = (0.6 2g(C1(P) 0.5 + C2 P)
Proposed Method
Here, C1 means breakage leakage coefficient (m 2 /unit length), C2 means background leakage coefficient (m 2 /unit length × head variation) and P is average pressure head When Equation (2) is utilized, the daily leakage quantity can be calculated by using the leakage quantity per hour calculated through the measurement of the minimum flow at night and the average water pressure in the pipe network. As for the multiplier value of the FAVAD concept, Lambert [31] presented that the multiplier value appeared in a range of 0.5-2.5 depending on the pipe material, leakage position and breakage type and that in particular, the value was generally shown to be 1.5 in the case of the leakage of pipes made of plastic, which is dominantly background leakage that cannot be easily detected, occurring in connection areas and junctions while being shown to be close to 0.5 in the case of those leakages that show the same characteristics of breakage and pipes made of a metal. Therefore, in the case of general pipe network systems in which background leakage and breakage leakage are mixed, the FAVAD equations in the form of Equation (1) are generally applied and coefficient values such as C1 and C2 should be set in hydraulic analysis. Lambert et al. [32] measured the minimum flow rate at night in an actual pipe network to select C1 and C2 in Equation (2), presented that the C1 and C2 values applicable in the relevant pipe network were 0.517 and 0.0481, respectively and proposed the final Equation (3). The AZP (Area Zone Pressure) in Equation (3) means the average water pressure in the water supply area.
Since the coefficient proposed by Lambert et al. [32] is a value for calculating the leakage quantity of the entire pipe network system, while the leakage quantities of individual pipes are separately calculated in the present study, C1 and C2 values were set appropriately considering the water pressure distribution and the number of pipes in the target pipe network. Since the purpose of the present study is to derive reliability evaluation results through PDA and compare the relevant results with the results of the model of REVAS.NET, in this study, the C1, C2 values of normal, leakage and breakage states were appropriately assumed for analysis. In this paper, C1 and C2 values of normal, leakage and breakage states are properly assumed. When actually applied later, since FAVAD coefficients have uncertainty, in cases where reference C1, C2 values can be set through the measurement of the minimum flow rate at night, the relevant values should be used. Therefore, in this model, the value of C1 was set to 0.0001 and the value of C2 was set to 0.000005. In the case of breakage, the values of 0.001 and 0.0001 were entered respectively to analyze the results.
Here, AZP means Area Zone Pressure.
Reliability Quantification Factors
System Serviceability (S s )
System Serviceability (S s ) is an indicator intended to quantify the results of earthquake simulations through hydraulic analysis when earthquake simulations are implemented. Among reliability calculation studies of water distribution network, Gupta and Bhave [33] were the first to suggest pressure dependent analysis in reliability evaluation through volume reliability factor. This is used in REVAS.NET (Reliability EVAluation model of Earthquake hazard for water supply NETwork), which is software for calculation of hydraulic reliability following structural breakage due to earthquake hazards developed by Yoo [9] . In the present study, System Serviceability (S s ), which is known to be appropriate as a reliability factor (Cullinane et al. [34] , Tabucchi et al [35] and Lansey [36] ) was used. The reliability factor calculation method is as shown in Equation (3).
Here, Q avl,i is available nodal demand at node i and Q inl,i is required nodal demand at node i. System Serviceability (S s ) is a factor for evaluating the serviceability of the system following earthquake hazards. It is the ratio of the required demand to the available supply. When this value is 1, it can be concluded that the service of system is continued properly. Yoo [9] defined this value as a factor that is defined and used as availability or serviceability indicating the serviceability of WSNs.
Leakage Ratio Index (L ri )
This model assumed that water can be supplied even when the quantity that must be actually supplied is not satisfied because the usage and leakage quantity have increased or decreased. That is, this model assumed that water can be supplied even when the quantity that must be actually supplied is larger than the quantity of water in the actual water purification plant. Therefore, this model includes not only S s but also the indicator of leakage quantities (L ri ) according to water pressure reliability factors when evaluating the system serviceability. L ri is a factor for evaluating the serviceability of the system. It is expressed as the ratio of the total required demand of the system to the leakage quantity of the entire pipe. The calculation method of this reliability factor is given in Equation (4). An L ri value of 1 means that the leakage quantity and the required demand are the same and this indicates that the supply should be doubled.
Here, L i is leakage at pipe i and Q inl,i is required nodal demand at node i.
Model Configuration
The overall model flow chart of the proposed model is as shown in Figure 3 . The demand, water pressure and the numbers of nodes and pipes are identified in the first step, the applicable pipe network information. In the process of assuming earthquake scenarios, many scenarios are assumed, pipes where leakage occurs are increased or reduced one by one and the state of pipes is changed into a state of breakage to evaluate the serviceability according to changes in the leakage quantity. As hydraulic analysis methods, PDD analysis and PDL analysis are used based on PDA. Finally, in the step for the hydraulic performance quantification, the serviceability of the system following earthquake hazards is quantified using disasters using the system serviceability (S s ) and leakage ratio index (L ri ) through the leakage quantity and the actual supply.
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Application and Results
Applied Pipe Network
The proposed method is applied to Anytown Network (Figure 4) , a well-known benchmark network in the field of waterworks pipe networks (Yoo et al [25] ). Anytown Network is a pipe network presented first by Walski et al. [37] . Jung et al. [38] modified this pipe network and used for pipe design to minimize the total cost and maximize system robustness. The pipe originally connected to two water distribution reservoirs was removed and a fixed head was formed so that water is supplied from a single reservoir. Through the foregoing, the head of a fixed water source is heightened from 3 m (10 ft) to 73.2 m (240 ft). The demand required by the entire system is 1113 LPS(liter per second), 17,640 GPM(gallon per minute) and the total length of the pipe is 81,382 m (267,000 ft). The demander's ground heights are distributed in a range from 6 to 37m (20 to 120ft) and the pipe diameters are composed of 152-762mm (6~30 inch). 
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Earthquake Occurrence and Pipe Damage Scenario Setting
The present paper is focuses on comparing the differences between the results of the hydraulic analysis of REVAS.NET and that of the proposed model. Therefore, a total of 30 earthquake hazard assessment scenarios were constructed assuming a situation where a single earthquake of magnitude 4 (M4) has occurred. Yoo et al. [39] suggests that a minimum of 10 to 5000 Monte Carlo simulations should be performed in order to obtain a consistent system reliability factor that does not show large variance in REVAS.NET. The changes in the number of repetitions as such are affected by the size of the pipe network and the number of pipes. Since the number of pipes in this applied pipe network is 
The present paper is focuses on comparing the differences between the results of the hydraulic analysis of REVAS.NET and that of the proposed model. Therefore, a total of 30 earthquake hazard assessment scenarios were constructed assuming a situation where a single earthquake of magnitude 4 (M4) has occurred. Yoo et al. [39] suggests that a minimum of 10 to 5000 Monte Carlo simulations should be performed in order to obtain a consistent system reliability factor that does not show large variance in REVAS.NET. The changes in the number of repetitions as such are affected by the size of the pipe network and the number of pipes. Since the number of pipes in this applied pipe network is relatively small, 30 earthquake scenarios were generated and used for analysis in the present study.
Application and Results
Of the 30 scenarios in total, 20 scenarios were shown to derive stable and converged results by the proposed model (PDA analysis) and the results of the 20 scenarios were compared quantitatively with REVAS.NET. Table 4 shows the number of pipes where leakage or breakage occurred according to the scenario in which an earthquake of magnitude 4 occurred. Leakages occur in a range of at least 11 to a maximum of 29 and breakages were shown to occur in a range of 1 to 5. In the case of leakages, the leakage quantity deviation may be large according to the leakage-hole size compared to pipe diameters. However, in the case of pipe breakage, it can be predicted that the influence of pipe breakage is relatively large because the flow is cut off and the entire flow rate is lost. Table 5 presents the results of the proposed model by scenario and the results of REVAS.NET. The results of a total of 20 scenarios showed that the average value of serviceability Ss, which is a performance indicator of the system by the proposed model, was 0.871. This value means that if M4 earthquake occurs, water cannot be supplied for 12.9% of the total demand. The Ss index value by REVAS.NET which is directly comparable was shown to be 0.347, indicating that the serviceability of the proposed model is about 2.5 times higher than that of REVAS.NET. This result is identical to the tendency of the results of comparison between PDA and DDA models presented in Lee et al. [40] . Lee et al. [40] once found that the DDA technique underestimated the system serviceability than PDA for two abnormal scenarios (demand increase, pump failure). This result is attributable to the fact that in the case of the DDA technique, the water pressure of the node is underestimated under the assumption that the demand flow rate of each node is 100% satisfied and it can be seen that the proposed model can calculate the serviceability of more realistic systems. Since Ss index derived as a result of the proposed model does not take into account the leakage quantity that can occur in the system, the judgment of the reliability of earthquake hazards through the consideration of factors is also necessary. An index additionally proposed in the present study is the Leakage ratio index (L ri ), which is defined as the ratio of the loss of pipes caused by the earthquake to the demand required by the system. This index can be thought to be the ratio of the flow rate lost in the pipe before being supplied to consumers due to earthquakes to the supply in normal situations. The average L ri value calculated with the proposed model is 0.365, indicating that the flow rate corresponding to 36.5% of actual demand can be lost due to pipe leakage/breakage following earthquake hazards.
As suggested in the present study, to quantify the serviceability of the system due to actual earthquake hazards, the indexes of S s and L ri should be considered synthetically. Although the average S s of the proposed model was quantified to be 0.871, this value was derived under the assumption that even the leakage/breakage calculated in the system can be sufficiently produced and supplied. That is, this factor value is valid only when there is the ability to produce 1375 LPS (column 'outflow' indexed in Table 5 ), which is the sum of the leakage quantity (406 LPS, column 'leakage' in Table 5 ) used as the value of the numerator when calculating the average L ri value and the suppliable flow rate (969 LPS, column 'actual water supply' Table 5 ) entered into the numerator when calculating Ss and supply it to the system. For instance, let us assume that the facility capacity of the Anytown system supply source is 1258 LPS, which is 1.13 times the basic demand (1113 GPM) and compare the results of S7 and S23 scenarios shown in bold face in Table 5 . In the case of scenario S23, Ss is high as 0.842 but the loss of the system is also relatively high. Therefore, to reproduce the serviceability of 0.842, a flow rate of 23,094 should be supplied. Since this result indicates that a flow rate exceeding the facility capacity of the supply source should be supplied, it can be predicted that the actual serviceability will be shown to be lower than this value. In contrast, in the case of scenario S7, although the value of Ss was shown to be 0.736, which is somewhat lower than that of S23, the flow rate that should be supplied considering the loss was 1246 LPS, which can be supplied within a range that does not exceed the capacity of the facility. Therefore, the index (L ri ) related to losses as such can be said to be not only meaningful as the index but also usable in additional evaluation of serviceability considering the actual facility capacity. Figure 5 shows the results of the two indices proposed in the present study drawn as a diagram on a plane. In general, when the value of S s increases, the value of L ri is expected to decrease in inverse proportion. However, the inverse proportionality as such can occur when the final supply flow rate is fixed at a constant level and the result cannot be identified when all the indicators of all scenarios have been shown in a diagram because the final supply flow rates by scenario vary greatly between 1073 and 1703 LPS (17,000 and 27,000 GPM). Figure 5 shows the resultant values of two indicators of the scenario in which the supply (outflow) corresponds to 1325 to 1388 LPS (21,000 to 22,000 GPM) among the earthquake scenarios. It can be identified that as Ss increased, the tendency of decreases in L ri appears clearly.
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Conclusion
The reliability of the system should be evaluated for the design, operation and maintenance of WSNs. The indicators applied to the evaluation and estimation of system reliability are calculated using the results of hydraulic analysis such as water pressure, suppliable flow rate and pipe flow Although the results as written above may be thought to be natural, the quantified results of the proposed model are very important from the viewpoint of decision makers who need to decide whether the water supply system should be continuously operated following the occurrence of earthquake damage. For instance, decision makers can determine the suspension or continuation of the overall operation of the system depending on the degree of damage to water supply facilities due to earthquakes and may continue operation only in some areas. In cases where the operation is suspended, alternative water should be supplied to consumers without fail using bottled water or water wagons. If water can be continuously supplied or supplied only to some areas despite the damage to the system due to the earthquake, the additional finances and manpower inputs for the supply of alternative water and secondary damage (continued outage) can be reduced. For the judgment on whether or not to continue operation, the quantification of damage presented in this model is essential and the quantity of water that must be additionally produced and supplied (which must cover the water loss due to earthquake) and the facility capacity necessary to satisfy the set serviceability can be quantitatively identified using the proposed indices. In addition, changes in the serviceability following the recovery of break pipes can be also figured out quantitatively.
Conclusions
The reliability of the system should be evaluated for the design, operation and maintenance of WSNs. The indicators applied to the evaluation and estimation of system reliability are calculated using the results of hydraulic analysis such as water pressure, suppliable flow rate and pipe flow rates at nodes. In particular, the evaluation of reliability in abnormal situations such as earthquakes is greatly affected by the results of hydraulic analysis because the system under unstable conditions should be analyzed. Therefore, for reasonable evaluation of the reliability, a hydraulic analysis technique approximating the behavior of the actual system should be applied. In the present study, for the quantification of earthquake hazard preparedness performance of water supply facilities, new hydraulic analysis methodologies and procedures that can complement problems in the existing model were proposed. Using PDD (Pressure Dependent Demand) and PDL (Pressure Dependent Leakage) techniques, detailed procedures for the estimation of the reliability of WSNs were proposed. The developed methodologies can simulate many pipe leakage and breakage situations more realistically. The methodologies were applied to representative virtual pipe networks to review the models and new performance quantification indicators were additionally presented for analysis.
Following the application, models developed earlier such as REVAS.NET showed a tendency to underestimate the reliability of the system and such results were actually identified to be unrealistic. In addition, the two indicators proposed in the present study (S s and L ri ) were identified to be mutually complementary when the supply flow rates were similar and mainly usable as factors for evaluation of reliability from the viewpoints of users and suppliers, respectively. In particular, Ss, which is an existing system reliability evaluation factor, has a disadvantage of being unable to evaluate the water loss caused by earthquake hazards and can be utilized in judging whether suppliable from the viewpoint of users. L ri , which is an index considering water loss, is a factor that indicates the degree of water loss due to earthquakes and can be used as a measure for determining whether to continue the operation of the system following the occurrence of earthquakes from the viewpoint of suppliers.
The present study was conducted focusing on comparing and analyzing the results of changes in the hydraulic analysis techniques. In future studies, the techniques should be applied to systems with more diverse characteristics (e.g., a system in which two or more water supply sources exist). In particular, in the case of earthquake hazard models, uncertainty always exists in earthquake occurrence and input factors. Therefore, measures for quantitative evaluation of the foregoing are positively necessary. In addition, uncertain parameters such as C1 and C2 in FAVAD equation is used. Therefore, these kinds of uncertainties should be considered and quantified.
